Abstract The application of zinc oxide (ZnO) nanoparticles in biomaterials has increased significantly in the recent years. Here, we aimed to study the potential deleterious effects of ZnO on blood components, including human serum albumin (HSA), erythrocytes and human isolated primary neutrophils. To test the influence of the morphology of the nanomaterials, ZnO nanoneedles (ZnO-nn) and nanoflowers (ZnO-nf) were synthesized. The zeta potential and mean size of ZnO-nf and ZnO-nn suspensions in phosphate-buffered saline were -10.73 mV and 3.81 nm and -5.27 mV and 18.26 nm, respectively.
Introduction
The number of studies dedicated to the potential harmful effects of nanostructured material has increased in line with those showing new and beneficial applications of these materials. In particular, for metal oxide nanoparticles (NPs), which are already produced at an industrial scale, concerns about their toxicities are a hot topic (Djurišić et al. 2015; Sarkar et al. 2014) . Zinc oxide (ZnO) NPs have received special attention, since besides their wide usage in electronics devices, paints, cosmetic, etc., many new applications have been described in which direct contact of this material with the human body is implicit or proposed (Roy et al. 2015; Madhumitha et al. 2015) . A few examples of recent applications include the conjugation of ZnO NPs with a natural extract of Red Sandalwood, which was demonstrated as a potent anti-diabetic agent (Kitture et al. 2015) ; the application of nanocomplexes formed by the incorporation of ZnO NPs into liposomes as a pH-responsive drug delivery system for the release of daunorubicin (Tripathy et al. 2015) ; ZnO-porphyrin NPs as a potential alternative for treatment of various cancers in photodynamic therapy (Sadjadpour et al. 2015) and the synthesis of carboxymethyl cellulose/ZnO nanocomposite hydrogels and their antibacterial effects against Escherichia coli and Staphylococcus aureus (Yadollahi et al. 2015) . Particularly relevant in the context of this work is the capacity of ZnO to trigger the inflammatory process, including the capacity of ZnO NPs to provoke eosinophilic airway inflammation in mice exposed to different concentrations of ZnO (Huang et al. 2015) ; the induction of acute pulmonary dysfunction and inflammation (Fukui et al. 2015) ; activation of extracellular signal-regulated kinase (ERK) leading to expression and secretion of tumour necrosis factor (TNF)-a in human keratinocytes (Jeong et al. 2013 ) and induction of significant up-regulation of mRNA for the proinflammatory cytokine interleukin (IL)-8 and redox stress marker haem oxygenase-1 in human lung epithelial cells (Saptarshi et al. 2015) . In cell culture studies, the toxic effect of ZnO NPs has been also demonstrated. For instance, the capacity of silver, TiO 2 and ZnO NPs at ultralow levels as inductors of proinflammatory responses in RAW264.7 macrophages (Giovanni et al. 2015) . The cytotoxic effect of ZnO NPs in 3D cell culture system using colon cell spheroids showed that conclusions made from 2D cell models might overestimate the toxicity of ZnO NPs (Chia et al. 2015) . Regarding the toxic effect on intestinal cells, ZnO NPs was also most toxic compared to silicon dioxide (SiO 2 ) and TiO 2 (Setyawati et al. 2015a) .
In this study, we examined the potential deleterious effects of ZnO nanomaterials on the blood components, including the major serum protein, albumin and the main cell constituents, erythrocytes and human isolated primary neutrophils. Particularly, we were also interested in the differential effects related to the shape of the ZnO NPs, here evaluated for nanoflowers and nanoneedles morphologies. In this concern, as highlighted by Tay et al. (2014) , besides the size, the shape of nanomaterials has also been shown to affect the cellular response.
This line of investigation was motivated by the well-accepted knowledge that irrespective of their function and target tissue, a nanomaterial engineered for application in nanomedicine will have contact with the blood vessels and cells. For instance, Setyawati et al. (2015b) recently published a review regarding the importance of the study of the interaction and toxic effects of nanomaterials with endothelial cells. In the literature, there is much evidence that metal oxide NPs are able to interact with leukocytes. For instance, TiO 2 , CeO 2 and ZnO promote the expression and release of enzymes that play important roles in the innate immune system, such as myeloperoxidase, MMP-9 and gelatinase in neutrophils (Babin et al. 2013) . ZnO NPs increased the neutrophil size, induced shape changes and activated phosphorylation events (Gonçalves and Girard 2014) . Monocytes exposed to ZnO NPs increased the release of proinflammatory cytokines IL-1b, TNF-a and IL-6, as well as chemokine IL-8 (Sahu et al. 2014 ).
Materials and methods

Chemical and solutions
Zinc acetate dehydrate, human serum albumin (HSA) free of fatty acids (A1887), dansylglycine, dansylamide, 8-anilino-1-naphthalene sulphonic acid, luminol, lucigenin, dansylglycine, dansylamide, Histopaque 1077/1119 and phorbol myristate acetate were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). 10-Acetyl-3,7-dihydroxyphenoxazine (Amplex Red) was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Phosphate-buffered saline (PBS) was prepared by dissolving a commercial tablet (SigmaAldrich) and adjusting the pH to 7.4. All reagents used for solution and buffer preparations were of analytical grade. All solutions were prepared with water purified by a Milli-Q system (Millipore, Bedford, MA, USA).
Synthesis and characterization of ZnO nanomaterials
Zinc nanostructures were prepared as follows: 2.75 g of zinc acetate dehydrate [Zn(CH 3 COO -) 2 Á2H 2 O] was dissolved in 25 mL of aqueous ammonium solution (NH 3 , 25 %). Sodium hydroxide (1 g) was added and the suspension was stirred until complete dissolution of NaOH. Two suspensions were prepared and submitted to sonochemical treatment for 10 or 60 min using an amplitude of 40 % and an effective power of 25 W in a 20-kHz, 750-W Sonics VCX-750 ultrasonic processor (Hielscher Ultrasonics, Teltow, Germany). After this treatment, these suspensions were left to rest. The precipitates were collected and washed four times in deionized water using a Z-326 centrifuge (Hermle Labortechnik, Wehingen, Germany) in 15-min cycle at 12,000 rpm. Finally, the precipitates were dried in a muffle furnace and air atmosphere at 200°C for 2 h. The identification of crystallographic phases of ZnO was performed by X-ray diffraction using a RIGAKU D/MAX 2100 PC diffractometer. UV-Vis absorption measurements were used for the evaluation of the nanostructured ZnO band gap. For these experiments, ethanolic suspensions of ZnO (0.1 mg/mL) were scanned in the wavelength range of 250-500 nm using a UV-Vis Lambda 35 spectrophotometer (Perkin Elmer, Shelton, CT, USA). The morphology and shape of the prepared nanoparticles were analysed by field emission scanning electron microscopy (FE-SEM) using a Sigma series ZEISS microscope model (Germany). The hydrodynamic diameter (average size) and zeta potential of nanomaterials suspended in PBS were determined using dynamic light scattering (DLS, Malvern instruments Ò , UK).
Studies of the effects of ZnO on human serum albumin
The suspensions were composed of ZnO (0.1 mg/mL) and 10 lM HSA in PBS. The samples were gently homogenized while being incubated for 24 h at 37°C using a blood-tube rotator. Then, the samples were centrifuged at 1000g for remotion of ZnO. The protein in the supernatant was isolated for subsequent studies. The intrinsic fluorescence spectra of HSA were obtained using a Perkin Elmer LS 55 spectrofluorimeter (Shelton, CT, USA). The parameters were as follows: excitation at 295 nm and emission in the range of 310-450 nm. The slit widths were 5 nm for excitation and 5 nm for emission wavelengths. The analyses were performed using a 10-mm path length in a 3-mL quartz cuvette. The samples were magnetically stirred during the measurements. The synchronous fluorescence spectra were obtained by simultaneously scanning the excitation and emission monochromators. A fixed Dk of 15 nm was kept to assess the alteration near the tyrosine residues and Dk of 60 nm for alteration near the tryptophan residue in HSA.
8-Anilino-1-naphthalene sulfonic acid fluorescence measurements were performed by adding 10 lM of this compound after the treatment of HSA with ZnO nanoparticles as described above. The spectrofluorimeter was adjusted as follows: excitation at 340 nm, emission scanning between 410 and 600 nm and a slit width of 5.0 nm for both excitation and emission wavelengths. Similarly, dansylamide (DNSA) and dansylglycine (DG) fluorescence measurements were performed by adding 10 lM of these compounds after treating HSA with ZnO nanoparticles. The spectrofluorimeter was adjusted as follows: excitation at 340 nm, emission scanning between 410 and 600 nm and slit width of 5.0 nm for both excitation and emission wavelengths.
Circular dichroism (CD) spectra were recorded with a Jasco J-815 spectropolarimeter (Jasco, Japan) equipped with a thermostatically controlled cell holder at 25°C. The spectra were accumulated in duplicate with 1-nm step resolution at a scanning speed of 50 nm/min and a path length cell of 1.0 mm. The baseline (PBS) was subtracted from all measurements. Before the measurements, the samples (treated as indicated above) were centrifuged at 1000g for remotion of ZnO and diluted to a final concentration of 1 lM HSA.
Isolation of human primary neutrophils
Blood samples were taken from healthy volunteers according to the protocol approved by the University of the State of São Paulo Ethics Committee (CEP/ FCF-UNESP No. 40979014.2.0000.5398). Neutrophils were isolated by a double density-gradient centrifugation technique (700g, 30 min, 25°C) using Histopaque-1077 and 1119 as indicated by the manufacturer (Sigma-Aldrich). The supernatant was discarded and the neutrophils were washed twice with PBS buffer (700g, 10 min, 25°C). The neutrophils were counted and suspended in PBS supplemented with 0.5 mM CaCl 2 , 0.5 mM MgCl 2 and 1 mg/mL glucose (Paracatu et al. 2014 ).
Studies of the effects of ZnO on neutrophils by chemiluminescence assays Assays were performed as previously described with modifications (de Faria et al. 2012) .
Lucigenin assay
The reaction medium was composed of neutrophils (2 9 10 6 cells/mL), ZnO nanoparticles (0.1 mg/mL) and lucigenin (10 lM) in supplemented PBS. ZnO was absent in the negative control and was replaced with PMA (100 nM) in the positive control. The reactions were performed in a microplate (final volume: 250 ll) and triggered by adding ZnO or PMA. The light emission was monitored for 30 min at 37°C using a Centro LB 960 microplate luminometer (Berthold Technologies, Oak Ridge, TN, USA).
Luminol assay
This assay was similar to that described above, except that lucigenin was replaced with 100 lM luminol. Each experiment was repeated at least three times with different cell batches.
Studies of the effect of ZnO on neutrophils using the Amplex Red assay Assays were performed as previously described with modifications (Zhou et al. 1997 ). The reaction medium was composed of fresh isolated primary human neutrophils (2 9 10 6 cells/mL), ZnO nanoparticles (0.1 mg/mL) and Amplex Red (50 lM) in supplemented PBS. ZnO was absent in the negative control and was replaced with PMA (100 nM) in the positive control. The reactions were performed in microcentrifuge tubes (final volume: 300 ll) and triggered by adding ZnO or PMA. The samples were homogenized while being incubated for 30 h at 37°C using a bloodtube rotator. Next, the samples were centrifuged at 700g for 5 min, the supernatant (250 lL) was transferred to a 96-well microplate and the fluorescence was measured at 530/590 nm using a microplate reader (Synergy 2; BioTek, Winooski, VT, USA).
Haemolysis assay
Assays were performed as previously described with modifications (Ximenes et al. 2010) . Human erythrocytes from healthy donors were obtained from peripheral blood, centrifuged at 770g for 10 min and washed three times with PBS. The supernatant and buffy coat were removed by aspiration after each wash. The cells were resuspended to 20 % (v/v) in PBS. The erythrocytes suspensions (500 lL) were added to 500 lL of 0.1 mg/mL ZnO in PBS and gently homogenized while being incubated for 24 h at 37°C using a blood-tube rotator. Aliquots (75 lL) were removed and diluted to 1500 lL PBS and centrifuged at 1000g for 10 min. The degree of haemolysis was measured in the supernatant by its absorbance at 540 nm. A reference value (100 % haemolysis) was determined with the same aliquot of erythrocytes but diluted in 1500 lL of distilled water instead of PBS to provoke the total lysis of the erythrocytes.
Statistical analysis
The data are reported as mean ± SEM and were analysed by one-way ANOVA and Tukey post-test using GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego, CA, USA). Statistical significance was established at p \ 0.05.
Results and discussion
Synthesis and characterizing ZnO nanostructures
The sonochemical synthesis resulted in homogeneous batches of ZnO NPs with the following yields: 77 % (sonication for 10 min) and 99 % (sonication for 40 min). The XRD patterns of the obtained powders showed that both preparations resulted in a polycrystalline ZnO hexagonal phase (Wurtzite-JCPDS 36-1451; Fig. 1a) . Furthermore, UV-Vis spectroscopy (Fig. 1b) was used to determine the band gap of the prepared samples, and it was calculated by the Tauc method as 3.3 eV (Fig. 1c) , indicating the nanocrystalline nature of the ZnO powder (Janotti and Van de Walle 2009 ). FE-SEM analyses (Fig. 2a, b) show that for the samples sonicated for 10 and 40 min, flower-like and needle-like nanostructures were obtained, respectively. These results are similar to the nanostructured morphologies obtained by Khorsand et al. (2013) using a sonochemical method. Zeta potential and hydrodynamic diameter were measured after suspension of the nanostructures in PBS (0.1 mg/ mL). The zeta potential and mean size of ZnO nanoflowers were -10.73 mV and 3.81 nm, respectively, and -5.27 mV and 18.26 nm for ZnO nanoneedles, respectively. Figure 3 shows the hydrodynamic diameter of nanoflowers (a) and nanoneedles (b) in PBS. Studies on structural and functional alterations in HSA HSA is the major protein in human blood plasma. It has many physiological functions, including the transportation of endogenous and exogenous metabolites and drugs; as a solute for osmotic pressure of blood and as a buffer for pH homoeostasis (Quinlan et al. 2005) . For this reason, we evaluated whether the interaction of ZnO nanoneedles or nanoflowers could alter the biophysical properties of HSA. In particular, we were interested in indications of denaturation that were provoked by its prolonged contact with ZnO NPs. These experiments were performed by the incubating 0.1 mg/mL suspensions of ZnO NPs with 10 lM HSA in PBS at 37°C for 24 h, and then the samples were centrifuged and the measurements were performed using the supernatant. This is an important point because the ZnO NPs are not soluble and provoke turbidity in the medium, which could provoke significant physical quenching of the fluorescence. Therefore, by removing ZnO NPs, any detectable alteration in the intrinsic or extrinsic fluorescence spectra would be related to modifications in the structure of the protein.
How the well-known intrinsic fluorescence spectra of a protein are related to the presence of the aromatic amino acids. In particular, when excited at 295 nm, tryptophan is the main amino acid responsible for the emission (Lakowicz 2006) . This was our choice because HSA has only a single tryptophan residue, which is located in the hydrophobic cavity of the IIA subdomain at position 214 in the amino acid sequence, and the emission spectrum is sensitive to its environment (Santra et al. 2004) . Hence, any alteration in the tertiary structure of the protein provoked by the interaction with the ZnO NPs could be revealed by alterations in the HSA intrinsic fluorescence. Figure 4a shows the emission spectra of HSA alone or incubated with the nanoparticles. The nanoparticles were not able to induce a significant shift in the maximum fluorescence. In other words, tryptophan 214 experiences the same environment in the protein before and after the contact with ZnO NPs, which is an indication that ZnO NPs were not able to denature HSA.
Another approach to evaluate the structural alterations in proteins is by the measurement of its synchronous fluorescence spectrum. These experiments were performed by simultaneously scanning the monochromators with a fixed difference in the wavelength of excitation and emission of 15 or 60 nm. How well-established, the synchronous fluorescence spectra provide information about the microenvironment in a vicinity of the fluorescent amino acids in proteins. Specifically, by monitoring with a Dk = 15 and Dk = 60 nm, alterations in the protein structure next tyrosine and tryptophan can be detected, respectively (Miller 1979 ). The results presented in Fig. 4b , c confirm that ZnO NPs were not able to induce significant alterations in the structure of HSA. Next, the potential deleterious effects of ZnO NPs on HSA were investigated using fluorescent dyes that are able to characterize alterations in the structure and hydrophobicity of the protein. The first dye was 8-anilino-1-naphthalene sulfonic acid (ANS), a fluorescent probe that has its emission quantum yield increased and the maximum of fluorescence blueshifted when bound to hydrophobic regions of proteins. This technique has been used for the detection of unfolding of proteins, which exposes previously buried hydrophobic regions of the protein leading to an increase in the ANS fluorescence (Lakowicz 2006 ). The results depicted in Fig. 5a show the fluorescence of ANS in the absence and presence of HSA. The results also show the blue-shift and increase in quantum yield when ANS is bound to the protein.
The contact between the protein and the nanoparticles did not induce any apparent HSA unfolding, since the ANS fluorescence was not significantly altered.
As stated in the beginning of this section, HSA acts as a carrier of drugs in the systemic circulation (Quinlan et al. 2005) , and hence, this functional feature of HSA was studied using two fluorescent dyes that are used as binding-site markers in albumin. HSA has two major binding sites for transportation of drugs, referred to as site I and site II, which are located in the hydrophobic cavities of the subdomains IIA and IIIA, respectively. Site I is usually referred to as the warfarin-binding site, whereas site II is designated as the benzodiazepine-binding site (Sudlow et al. 1975 ). Here, we used the fluorescent compound dansylamide (DA) as a marker of site I and dansylglycine (DG) for characterization of site II (Sudlow et al. 1976; Graciani and Ximenes 2013) . Similar to ANS, these fluorescent probes have their quantum yield increased when bound to albumin. We evaluated whether the ZnO NPs could alter the capacity of HSA to use its binding sites, which would be detected by decreased fluorescence of these probes. The results in Fig. 5b, c show that, in agreement with the previous results, the incubation of HSA with ZnO NPs for 24 h did not induce structural alterations that were able to impede the binding of the protein to these compounds. In others words, there is no indication that the contact of ZnO NPs with HSA was able to affect its capacity as drug carrier.
Finally, we measured whether the contact of HSA with the nanoparticles could alter the secondary structure of the protein. These experiments were performed by measuring the far-UV circular dichroism spectra of the protein before and after incubation with ZnO. Again, it must be emphasized that after incubation, the nanoparticles were removed for centrifugation, otherwise the strong turbidity of the medium would interfere with the measurement. Corroborating the previous results, alterations in the UV-CD spectrum of HSA were not significant (Fig. 6) .
In summary, the prolonged contact of ZnO with HSA did not induce significant alterations in the structure of HSA or its capacity to bind site I and II ligands. In disagreement with our findings, Ž ūkien_ e and Snitka (2015) demonstrated that ZnO NPs induced conformational changes in bovine serum albumin (BSA), including a changed microenvironment of the aromatic amino acids. Similarly, Bhogale et al. (2013) demonstrated the formation of BSA-ZnO complexes and conformational changes in BSA. However, their experimental approaches were significantly different, because the spectral properties of the protein were measured in the presence of the nanoparticles, which were covalently or non-covalently bound to the protein. For these reasons, these results cannot be directly compared with ours, in which the nanoparticles were removed before the measurements. Finally, it must be emphasized that in our experimental model, the putative presence of HSA bound to ZnO NPs was not analysed in this work. Obviously, this minor fraction of HSA bound to the protein might be altered as indicated by Ž ūkien_ e and Snitka (2015) and Bhogale et al. (2013) .
Studies on haemolysis
Another essential component of the blood is the erythrocytes. Our next step was to study the capacity of ZnO NPs to damage the membrane of the erythrocytes, which was evaluated by measuring the release of haemoglobin into the medium, i.e. the haemolysis provoked by the contact with ZnO NPs. In these experiments, 10 % cell suspensions, in the presence or absence of ZnO, NPs were gently homogenized while being incubated for 24 h at 37°C. A positive control was obtained by changing the PBS buffer for pure water, which provoked the total haemolysis of the cells (100 % haemolysis). The negative control was obtained by homogenizing the sample in the absence of ZnO. Some haemolysis is also obtained during this assay due to the processing of the blood. The results depicted in Fig. 7 show that the ZnO nanoflowers, but not the nanoneedles, were able to provoke a small but statistically significant increase in haemolysis compared to the negative control.
Due to their potential applications, e.g. as drug carriers, there will be contact between the nanoparticles and the erythrocytes and hence, the evaluation of haemolytic activity is an important toxicological parameter for these materials (Pillai et al. 2015; Easo and Mohanan 2015; Ghosh et al. 2013 ). In particular, for ZnO, Das et al. (2013) demonstrated that using up to 2.5 mg/mL of this material provoked less than 5 % haemolysis. It is of note that, besides the difference in the morphology of the ZnO studied (nanospheres), the source of erythrocytes (sheep) and the higher concentration of ZnO, the cells were incubated for just 90 min, which is significantly lower compared to the 24-h incubation in the present study. This difference could explain the higher level of haemolysis obtained here, where only 0.1 mg/mL was used (11 % nanoneedles and 22 % nanoflowers).
Regarding the higher haemolytic activity of ZnO nanoflowers compared to nanoneedles, as far as we know, this is the first demonstration that this morphology is potentially more cytotoxic regarding haemolysis of erythrocytes. With respect to cytotoxicity, in the literature, there are some studies regarding different morphologies of nanoparticles and their biological effects. For instance, there was higher bactericidal activity of platinum nanospheres compared to nanoflowers, which was explained by taking into account the higher accessibility of the nanospheres through the membrane pores (Gopal et al. 2013) . In other research, no difference was observed between gold nanospheres and nanoflowers with respect to the reduction of de novo biosynthesis of RNA in nucleoli in breast cancer cells (Kodiha et al. 2014) . In short, the higher cytotoxicity of ZnO nanoflowers compared to nanoneedles regarding the haemolytic effect is not similar to other model of cytotoxicity. Finally, we also take into account that the haemolytic effect could be still lower using whole blood, a model closer to the physiological condition, since the presence of human blood serum could deplete the ROS produced in the stimulatory process.
Studies on activation of neutrophils
Following our aims of studying the toxicity of ZnO nanoparticles in the blood components, the next target in this study was the neutrophil leukocytes. These cells are the predominant leukocytes in the blood and have the primary function of combating invading pathogens (Halliwell 2006) . Neutrophils produce several reactive chemicals, such as superoxide radical anions, hydrogen peroxide and the potent microbicide, hypochlorous acid (Hampton et al. 1998) . However, these oxidizing species are also involved in the host tissue damage, a process involved in the physiopathology of several inflammatory diseases (Mittal et al. 2014; Manda-Handzlik and Demkow 2015) . For this reason, we evaluated the capacity of the nanoparticles to induce neutrophil activation.
First, we measured the capacity of the ZnO NPs to induce the release of superoxide radical anions by neutrophils. As a positive control, we used phorbol myristate acetate (PMA), which is a widely used soluble activator of neutrophil oxidative function via the protein kinase C (PKC) signalling pathway (Bertram and Ley 2011) . The activation of neutrophil was evaluated by the light emission elicited by the reduction of lucigenin by superoxide radical anions, which is produced by the activation of the NADPH oxidase enzymatic complex in these cells (de Faria et al. 2012) . Figure 8a shows the time-dependent light emission, highlighting the difference between the nonstimulated (negative control) and PMA-stimulated (positive control) neutrophils. The results also show that the nanoparticles were not able to increase the release of superoxide radical anions. In fact, a small decrease in the light emission in the presence of the nanoparticles is shown in Fig. 8a , but this was not statistically significant as shown in the replicates in Fig. 8b .
In the next assay with neutrophils, the production and release of H 2 O 2 were evaluated. In this case, Amplex Red, a fluorescent probe specific for this reactive oxygen species (Zhou et al. 1997 ) was used to monitor the activation of the neutrophils. The results in Fig. 9 confirm the results as shown in Fig. 8 , since the neutrophils were not activated by ZnO NPs.
Finally, we used the luminol-dependent chemiluminescence assay to monitor the activation of neutrophils by ZnO NPs. In contrast to the previous Fig. 8 Activation of neutrophils by ZnO nanoparticles (lucigenin assay). Neutrophils (1 9 10 6 cells/mL) were incubated without (negative control) or with 0.1 mg/mL ZnO nanoflowers (nf), nanoneedles (nn) and 10 lM lucigenin in PBS at 37°C for 30 min. The positive control was obtained by adding 100 nM PMA. a Kinetic profile of light emission. b Total light emission. The results are the mean and SEM of triplicate experiments. Different letters denote significant differences. One-way ANOVA and Tukey's multiple comparison test, p \ 0.05 assays, the luminol assay is non-specific for the reactive species as it is oxidized by several oxidizing agents, such as ozone, singlet oxygen and hydrogen peroxide in the presence of peroxidases (Khan et al. 2014) . Moreover, and particularly important here, is the fact that hypochlorous acid produced by activated neutrophils is the main factor responsible for the luminol-dependent chemiluminescence in this cellbased assay (Aniansson et al. 1984) . As hypochlorous acid is an important agent in tissue damage in chronic inflammatory diseases, this assay could reveal a potential deleterious effect of ZnO NPs. However, the activation of the neutrophils treated with ZnO NPs was not higher compared to the negative control cells. In fact, ZnO nanoflowers had some capacity to activate neutrophils, but statistically the activation was not different to the negative control and ZnO nanoneedles (Fig. 10) .
There is some evidence of the direct effect of nanoparticles on neutrophils. Particularly relevant for our study was the demonstration that TiO 2 , CeO 2 and ZnO NPs increased the expression of myeloperoxidase (Babin et al. 2013 ) and enhanced the phagocytosis capacity of neutrophils (Babin et al. 2015) . Similarly, polyacrylic acid metal oxide nanoparticles (TiO 2 , CeO 2 , Fe 2 O 3 and ZnO) increased the respiratory burst, i.e. the production of reactive oxygen species, by fish neutrophils (Ortega et al. 2015) . However, although carboxy-functionalized ZnO NPs induced cell shape changes and activated phosphorylation, they did not induce the generation of reactive oxygen species in human neutrophils (Gonçalves and Girard 2014) . These results are in agreement with our finding using nanoneedles and nanoflowers of ZnO.
Conclusions
Due to the wide biomedical applications of ZnO NPs, elucidation of their potential toxic properties is a hot topic. Here, we show the effect of ZnO NPs on blood components. Two different morphologies were synthesized and studied, namely, ZnO nanoneedles and ZnO nanoflowers. We found that neither type of NP induced structural alterations in HSA, including its capacity as a drug carrier. It is of note that although the Fig. 9 Activation of neutrophils by ZnO nanoparticles (Amplex Red assay). Neutrophils (1 9 10 6 cells/mL) were incubated without (negative control) or with 0.1 mg/mL ZnO nanoflowers (nf), nanoneedles (nn) and 50 lM Amplex Red in PBS at 37°C for 30 min. The positive control was obtained by adding 100 nM PMA. The results are the mean and SEM of triplicate experiments. Different letters denote significant differences. One-way ANOVA and Tukey's multiple comparison test, p \ 0.05 Fig. 10 Activation of neutrophils by ZnO nanoparticles (Luminol assay). Neutrophils (1 9 10 6 cells/mL) were incubated without (negative control) or with 0.1 mg/mL ZnO nanoflowers (nf), nanoneedles (nn) and 100 lM luminol in PBS at 37°C for 30 min. The positive control was obtained by adding 100 nM PMA. a Kinetic profile of light emission. b Total light emission. The results are mean and SEM of triplicate experiments. Different letters denote significant differences. One-way ANOVA and Tukey's multiple comparison test, p \ 0.05
NPs were kept in contact with the protein for 24 h, there were no significant indications of denaturation. Similarly, the incubation of neutrophils with the NPs did not cause activation of these cells, as demonstrated by the absence of any significant release of reactive oxygen species. These findings suggest that these NPs are not able to trigger an inflammatory process. Finally, we tested whether NPs can induce haemolysis of erythrocytes. Unlike the previous assays, a small but statistically significant effect was observed for the nanoflower NPs, while nanoneedle NPs did not cause a haemolytic effect. However, we cannot discard that other factors like hydrodynamic size and charge density could also play a role in the induction of haemolysis. In conclusion, our results reinforce the concept that ZnO NPs are relatively safe for use in biomaterials. A potential exception is the capacity of nanoflower NPs to promote lysis of erythrocytes, a discovery that deserves further studies for clarification.
